This article reviews the use of carbon capture and sequestration (CCS) as a viable mitigation strategy for reducing greenhouse gas (GHG) emissions in fossil-fuel power plants and discusses the impacts on the sustainability of freshwater resources. While CCS technology can significantly mitigate anthropogenic GHG emissions, CCS installations are expected to impose new water stresses due to additional water requirements for chemical and physical processes to capture and separate CO 2 . In addition to these processes, the parasitic loads imposed by carbon capture on power plants will reduce their efficiency and thus require more water for cooling the plant. Groundwater contamination due to CO 2 leakage during geologic sequestration is an additional concern when adapting CCS into power plants. Imposing such constraints on the quantity and quality of freshwater resources will influence decisions on the types of energy facilities and threaten the sustainability of water systems. A review of recent studies highlights three main challenges that would impact water sustainability due to CCS installation: (1) water requirements needed for different stages of CCS, (2) changes in groundwater quality due to carbon leakage into geologic formations, and (3) opportunities for using desalinated brine from saline sequestration aquifers to provide new freshwater sources and offset the CCS-induced water stresses. This article also reviews availability and gaps in datasets and simulation tools that are necessary for an improved CCS analysis. Illustrative analyses from two US states, Louisiana and Arizona, are presented to examine the possible consequences of introducing CCS technologies into existing power plants. A basin-scale, water stress framework is applied to estimate the added stresses on freshwater resources due to CCS installations. The scenario-based illustrative examples indicate the need for a full analysis of the inter-relationship between implementing different CCS technologies in the electric generation sector and the water system. Such analyses can be examined in future studies via an integrated energywater nexus approach. Furthermore, the current article highlights the need for integrating the environmental, economic, and societal aspects of CCS deployment into future assessment of the viability of CCS operations and how to make water systems less vulnerable to CCS impacts.
Background
Climate change due to anthropogenic emissions of greenhouse gases (GHGs) is one of the most significant longterm environmental challenges facing the United States (US) and the world [1, 2] . Since 1990, the largest source of GHG emissions in the US has been due to carbon dioxide emission (CO 2 ), with the electricity sector accounting for about one third of the US total emissions. GHG emissions from the electricity sector have increased with the growth of electricity demands and with fossil fuels remaining as the dominant source for electricity generation [3] . Figure 1 shows the distribution of power plants in the US that use fossil fuels as the primary source of energy (e.g., natural gas, coal, and petroleum).
A wide range of mitigation strategies have been developed to reduce CO 2 emissions [4] . Technological alternatives for reducing CO 2 emissions from power plants to the atmosphere include the following: (a) switching to less carbon-intensive fuels, for example natural gas instead of coal; (b) increasing the use of renewable energy sources or nuclear energy, each of which emits little to no net CO 2 ; and (c) capturing and sequestrating CO 2 [5] . The subject of this article will focus on the third option, CO 2 capture and sequestration (CCS), as an efficient strategy to limit climate destabilization due to high levels of energy-related CO 2 emissions. CCS is a highly promising approach to reducing GHG emissions by capturing CO 2 at the site of the power plant, transporting it to an injection site, and sequestrating for long-term storage in suitable formations [6, 7] . Installation of a CCS unit at thermoelectric plants can efficiently capture about 85-95% of the CO 2 processed in a capture plant [8, 9] .
Water is an integral element of CCS processes. Since water is used for cooling and emission scrubbing, deployment of CCS will potentially increase water withdrawals to meet the added needs for chemical and physical processes of capturing and separating large volumes of CO 2 [10, 11] . Thus, the CCS technologies are expected to significantly introduce additional stresses on the sustainability of water systems. In addition to water needs, a power plant with a CCS system would also need roughly 10-40% more energy than a plant of equivalent output without CCS [12] . Therefore, there is a need to enhance the scientific understanding and predictive capabilities on the interactions between the sustainability of the water system and CCS operations, including the threefold considerations of economic feasibility, social responsibility, and environmental integrity. The current article reviews existing literature and discusses outstanding research questions related to the following issues:
(1)Quantitative analysis and modeling approaches for predicting water requirements for different stages of CCS implementation (2)Impact on groundwater quality due to potential carbon leakage in geologic formations and related consequences to freshwater availability The plants are color-coded according to their total capacity in megawatt hours (MWh). Data on individual power plants were acquired from US Energy Information Administration (EIA). Graphs are generated using the Energy-Water nexus site (http://nexus.hydroviz.org) (3)Opportunities for using desalinated brine extracted from saline sequestration aquifers to provide additional freshwater resources (4)Environmental, economic, and societal impacts due to the installation of a CCS unit at a power plant
The remainder of this article is organized as follows. A brief overview of the CCS processes is introduced. Then, the implications for the water system due to the installation of CCS technologies at power plant facilities are presented along with a discussion of available datasets and simulation tools that can be used to enhance the understanding of CCS water requirements and impacts on groundwater. The rest of the article presents some illustrative examples on the potential for CCS deployments and the expected impacts on the water system in selected regions in the southwest of the US. Besides the CCS impacts on the water system, the article reviews other key factors such as environmental, economic, and societal impacts facing the deployment of CCS. Concluding remarks are presented in the last section.
Carbon capture and sequestration (CCS)
CCS technology is a viable mitigation option for reducing GHG emissions in fossil-fuel power plants. There are three main components of the CCS process: capturing CO 2 arising from the combustion of fossil fuels, transporting CO 2 to the storage site, and storing CO 2 for a long period of time, rather than being emitted to the atmosphere.
The three common technologies for CO 2 capture in CCS systems are the following: post-combustion capture, pre-combustion capture, and oxy-fuel capture [13] [14] [15] . In post-combustion capture, CO 2 is separated from the flue gases before they are discharged to the atmosphere. The most commercially common method, amine scrubbing, is based on using amine gas treating to remove CO 2 by aqueous solutions of amines [16] . The CO 2 removed from the amine solvent is then dried and compressed to reduce its volume before being transported to a safe storage site (Fig. 2) . The pre-combustion capture of CO 2 is based on the ability to gasify all types of fossil fuels with oxygen or air and/or steam to produce a synthesis gas (syngas) or fuel gas composed of carbon monoxide and hydrogen. Additional water (steam) is then added and the mixture is passed through a series of catalyst beds for the water-gas shift reaction to approach equilibrium, after which CO 2 can be separated to leave a hydrogen-rich fuel gas. This hydrogen can be sent to a turbine to produce electricity or used in hydrogen fuel cells of transportation vehicles. Although the energy requirements in pre-combustion capture systems may be of the order of half that required in post-combustion capture, the pre-combustion process requires more water for the water-gas shift reaction. In the oxy-fuel capture, pure oxygen is used for combustion instead of air and gives a flue gas mixture of mainly CO 2 and condensable water vapor, which can be separated and cleaned relatively easily during the compression process.
After the CO 2 is captured, it gets compressed to a supercritical fluid with properties between those of a gas and a liquid. It is then transported to a location suitable for long-term storage. Multiple factors are typically considered when selecting CO 2 storage sites: volume, purity, Fig. 2 Principles of CO 2 capture technologies (adapted from [16] ) and rate of the CO 2 stream; proximity of the source and storage sites; infrastructure for the capture and delivery of CO 2 ; existence of groundwater resources; and safety of the storage site [17, 18] . Several options are available for the storage of CO 2 , including injection of CO 2 into the ocean so that it gets carried into deep water, or more commonly by using geological formations as natural reservoirs, where wells are drilled and CO 2 is be injected at depths of more than 1 km.
Implications of CCS for the water system
Water and energy are strongly interrelated and the power sector withdraws more water than any other sector in the US [19] . Hence, introducing changes to existing power plants may significantly impact the sustainability of water resources. The deployment of CCS technologies in the power sector is expected to introduce potential challenges to water resources; therefore, in order to avoid unintended consequences, decision-makers must consider the interrelations between CCS deployments with the water system. The current article highlights three main challenges that can directly impact the sustainability of the water system due to introducing CCS technologies into power plants:
(1) the amount of water required for CCS processes, (2) the change in groundwater quality due to possible leakage from CO 2 sequestration, and (3) the feasibility to provide freshwater by treatment of brines produced during CCS operations in saline formations.
Water use for CCS operations
According to the US Geological Survey (USGS), in 2005, water withdrawals for thermoelectric power accounted for 41% of total freshwater use, 49% of total water use (fresh and saline), and 53% of fresh surface water withdrawals for all industry sectors in the US. With approximately 760 million cubic meters of water being used each day in 2005 to produce electricity, thermoelectric power plants have been the largest water users in the country since 1965. The primary use of water in thermoelectric power generation is for cooling purposes, which accounts for 80-99% of the raw water usage for different fossil-fuel plants [20] .
The main sources of water supply in the US come from surface water in rivers and streams, as well as from groundwater aquifers. Figure 3 shows the distribution of surface and groundwater resources over the US, based on streamflow and groundwater recharges at the spatial scale of eight-digit hydrologic unit code (HUC8). As evident in this figure, many US regions are already under significant water shortages, especially those in the south and southwestern states that are witnessing significant increases in population and related urbanization demands. The impact on the current availability of water resources can be further exacerbated by changes introduced to the thermo-electric power generation sector, including retrofitting of power plants and CCS deployments. The introduction of CCS technologies requires additional amounts of water for chemical and physical processes to capture and separate large volumes of CO 2 . Figure 4 illustrates the change in water use in coal power plants with and without CCS unit installation. As seen in this figure, the water use (consumption or withdrawals) is almost doubled when a power plant becomes equipped with a CCS technology [21] . Also, it appears that a CCS-equipped power plant with a hybrid dry-wet cooling system is comparable to that of the base case plant that uses a wet tower system but without carbon capture. Furthermore, the addition of a CCS unit imposes parasitic power demand on the existing power plant and thus makes it less efficient. Such a load increases the heat rate at the power plant, and therefore, more water will be needed for the cooling process. Such parasitic loads associated with carbon capture can be reduced by using improved solvents, e.g., methyldiethanolamine/piperazine (MDEA/PZ) [22] , and more efficient capture process configurations, e.g., absorber intercooling or stripper interheating [23] .
Impact on groundwater
The second concern with CCS implementation is the potential hazard to groundwater due to CO 2 leakage, which can occur as a result of well leakage, fault leakage, and cap rock leakage [24, 25] . The leakage of CO 2 from deep geological storage sites could adversely impact water quality in overlying potable aquifers due to the potential mobilization of hazardous inorganic elements. When CO 2 is dissolved in a freshwater aquifer, the total concentration of dissolved carbonate increases, which leads to significant increases in water acidity [26] . The resulting increase in concentration of hazardous elements could deteriorate groundwater quality to the extent that exceeds the maximum contaminant levels regulated by US Environmental Protection Agency (EPA). For instance, Pawar et al. [27] showed potential changes in groundwater chemical composition under different hypothetical CO 2 leakage scenarios. They adapted multiple risk proxies for assessing impacts to groundwater including pH, TDS, concentrations of heavy metals (Pb, As, Cd, Ba), and concentrations of organics (Naphthalene, Benzene, Phenol).
The threshold values for these risk proxies can be defined using MCL or the secondary drinking water standard regulated by EPA [28, 29] .
Treatment of brines
The third issue discussed in the context of CCS and water resources relates to opportunities presented by possible treatment of brines produced during CCS operations. The geologic sequestration of CO 2 in pressure-constrained formations may generate large volumes of extracted brine, or saline water formations with total dissolved salts up to 85,000 ppm. With a potential intensification in the aquifer pressure due to CO 2 storage, withdrawal of brine from the aquifer can help control aquifer pressures to within the desirable limits [30] [31] [32] . Apart from the primary advantage of brine withdrawal in pressure management, it could also provide a low-cost freshwater resource that counterbalances the water requirements of CCS operations. Freshwater can be produced by desalinating the produced brines using a suitable desalination technology, e.g., reverse osmosis [33] . According to Aines et al. [34] , the reverse osmosis treatment of brine extracted from welldesigned capture systems in a typical 1 GW coal plant would produce freshwater at a rate in the range of 0.7 to 1.4 m 3 per metric ton of sequestrated CO 2 . This amount of water corresponds to the needs of half of the total freshwater consumption in a typical 1 GW Integrated Gasification Combined Cycle (IGCC) power plant. The associated cost with the brine extraction and treatment is a key factor when assessing the produced freshwater as a CCS opportunity. Bourcier et al. [35] performed a cost analysis to compare the treatment of typical brines with conventional seawater desalination and found that predicted desalination costs for brines having salinities equal to seawater are about half the cost of conventional seawater desalination. This reduction in cost is attributed to the opportunity to retrieve energy from excess pressure at the sequestration site and use it to drive the desalination process. From this perspective, desalinated extracted brine can be considered as a potential source of freshwater to alleviate CCS-induced stresses on water systems. 
Data and modeling resources
Addressing potential impacts on the water system due to CCS installation requires a variety of datasets with different types and spatial reference systems (e.g., river basins, counties, electric grid). Water, energy, and carbon emission datasets are typically available through published literature, government and non-governmental reports, and submissions to government agencies for permitting processes [36] . Examples of currently available databases in the US include the following: (1) USGS databases and reports that provide historical time series of water withdrawal for power generation and other user sectors, such as irrigation, industrial, and public supply at the county scale; (2) the State Energy Data System (SEDS), managed by the US Energy Information Administrations (EIA) with comprehensive energy statistics; (3) the Emissions and Generation Resource Integrated Database (eGRID) that provides information on power plants by fuel type, utility versus non-utility designation, geographic location, installed capacity, and cooling type; and (4) EPA's Facility Level Information on GreenHouse gases Tool (FLIGHT), which can be used as an interactive online tool to download data on power plant carbon emissions.
Numerical simulations can be used to enhance the scientific understanding of carbon capture water requirements and geologic carbon sequestration impacts on groundwater. One example is the Carbon Capture Simulation Initiative (CCSI) toolset that integrates a suite of scientifically validated models for carbon capture and provides decision-making capabilities with uncertainty assessment [37] . Additionally, the Pacific Northwest National Laboratory (PNNL) has developed a numerical model of Subsurface Transport Over Multiple Phases (STOMP-CO2) to provide a practical tool of subsurface injection and long-term storage of carbon dioxide in deep subsurface reservoirs [38, 39] . STOMP is approved by the US Department of Energy to support environmental management decisions. Potential impacts to groundwater quality due to CO 2 leakage could also be examined using numerical simulation. For example, the National Risk Assessment Partnership (NRAP) platform has been recently used by Pawar et al. [40] to quantify risks associated with CO 2 and brine leakage using various leakage scenarios. Using NRAP-like simulations, the volume of groundwater within the shallow aquifers that exceeds certain water quality thresholds can be estimated according to pre-specified maximum contaminant level thresholds necessary to comply with designated contaminant levels.
Illustrative CCS analysis from different US regions
This section presents two examples to illustrate the possible consequences of introducing a CCS unit at a power plant. The examples represent two states of the US, Louisiana and Arizona, with different climatic and water availability conditions. Louisiana represents a good example of US states with abundant surface water supply, while Arizona is located in the western US and is characterized by an arid and semi-arid climate with significant drought episodes [41] [42] [43] . Such variations in water variability will provide an insightful assessment of water requirements associated with CCS installation under different hydrologic conditions representing wet and dry climates.
Example (1): potential for introducing CCS into existing plants
According to the US Energy Information Administration (EIA), Louisiana accounts for about 4% of the total carbon dioxide emissions in the US. It is also one of the top ten states with the highest levels of energy-related CO 2 emissions in 2013. Electricity is available in Louisiana through electric utilities (about 58%) and independent power producers (about 42%) that operate electric generating units [44] . The fuel sources for these generating units include fossil fuels (coal, natural gas, and petroleum), uranium, and renewable fuels (water, geothermal, wind, and other renewable energy sources). Figure 5 shows the CO 2 emissions in Louisiana from the power generation sector based on three types of fuel: coal, natural gas, and petroleum. It is obvious that power plants fueled by coal contribute the most in terms of carbon emissions, followed by natural gas and petroleum fuel-fired plants. Carbon emission from coal combustion is approximately twice that from burning natural gas despite natural gas being the primary energy source for electricity generation in Louisiana (Fig. 6a) .
In the Clean Power Plan (CPP) established by the Environmental Protection Agency (EPA), Louisiana's 2030 CO 2 emission goal is set to 1121 pounds per megawatt-hour. CCS is one of the viable strategies suggested by EPA in the CCP plan to achieve the interim (2022 to 2029) and final 2030 emission goals. To illustrate the possible consequences of adapting a CCS strategy, three pilot plants have been selected in Louisiana to discuss opportunities and feasibility of CCS installation for climate-change mitigation purposes. The three pilot power plants are as follows: the Big Cajun II (BCII), a coal-fired power station in Pointe Coupee Parish; the Brame Energy Center (BEC), fueled by petroleum products in Rapides Parish; and the Nine Mile Point (NMP), a natural gas-fired plant in Jefferson Parish (Fig. 6d) . These plants represent three geographically diverse areas of the state, with differing water supply, water use, and CO 2 storage capacity, and different fuel types with significant contribution in carbon emission. Figure 6b shows the 2010 rates of water withdrawals by thermoelectric plants estimated by the USGS. The most water-consuming plants are the BEC plant, with about 2 million cubic meters, followed by the NMP plant, which withdraws 1.7 million cubic meters. The estimated carbon emission in thermoelectric plants is illustrated in Fig. 6c with the highest CO 2 emission from the BCII plant (about 10.6 million metric ton), followed by the BEC and NMP plants. These plants have the highest requirements of water, as well as the largest amount of carbon emissions, which reflects the importance of evaluating CCS impacts on the water system.
Locations of saline aquifers in the US are provided in the National Carbon Sequestration Database (NAT-CARB). Aquifers with storage potential are listed by NATCARB, which were developed after initial site screening as possible candidates for use in geologic CO 2 injection. Storage capacity is estimated based on the pore volume that can be occupied by injected CO 2 . Figure 6d shows that the majority of Louisiana parishes, except for the northwestern part of the state, are at a suitable distance from the closest saline aquifer for CO 2 sequestration. Moreover, the capacity of CO 2 increases towards the Gulf of Mexico coastal zone. All these factors indicate the potential for CCS deployments and provide strong evidence to conduct future in-depth assessment for building CCS systems in states with high levels of energy-related CO 2 emissions.
Further assessment of CCS potential sites should also include the extent of dependency on groundwater as a primary source of water supply to quantify risks due to possible CCS-related impacts on groundwater quality. In the presented example, the percentage of groundwater use to the total water withdrawal is calculated in each parish for three different sectors that primarily rely on groundwater: public supply, industrial, and aquaculture demands (Fig. 7) . This figure illustrates that Pointe Coupee and Rapides Parishes are completely dependent on groundwater pumping for meeting demands from public supply and industrial sectors, while about 60% of water use for aquaculture is from groundwater. In Jefferson Parish, about 40% of the industrial water demand is pumped from groundwater wells. Therefore, potential changes in groundwater quality due to leakage of CO 2 in geologic formations can significantly alter the water sustainability in these parishes.
Example (2): added stresses on freshwater resources
As discussed above, the deployment of CCS technologies at existing power plants has consequences for the water system and may add further stresses. The degree of stress on the water system can be measured using different metrics that vary according to their spatial-scale applicability. Examples of these metrics include the water stress indicator for global-scale assessment [45] , the criticality ratio for country-scale assessment [46] , and the Water Supply Stress Index (WaSSI) for a hydrologic basin scale [47] . For illustrative purposes, the current study uses the WaSSI index to examine current stresses on the water resources and the potential CCS-induced stresses. The WaSSI index is expressed as a ratio of average water demands (WD) to water supplies (WS) in the hydrologic basin under consideration:
The greater the WaSSI value, the more stressed the water system is in the basin. The WD term accounts for consumptive water uses by sectors such as agriculture, municipalities, industry, and thermoelectric power generation. The WS term accounts for water from both surface (streamflow) and groundwater (recharge of aquifers) sources. The WaSSI formula was applied over each hydrologic unit in the US basins and is plotted in Fig. 8 for the southwestern US region. Full details on how the WS and WD terms were compiled for each basin are available in Eldardiry et al. [48] . The WaSSI results indicate that many US basins, such as those in the southwestern states, are subject to alarming rates of water stresses (e.g., WaSSI > 0.5).
The impact on the water system due to thermal power generation may vary according to the configurations of the power plant under consideration (e.g., fuel type, cooling type, and plant technology). To further illustrate this impact, a scenario-based analysis is performed for the Springville power plant (Fig. 9 ) located in the Upper Little Colorado watershed in the US state of Arizona (Table 1) . Scenario A represents the existing power plant conditions with tower recirculating cooling technology, while scenarios from B to F reflect hypothetical scenarios that represent different possible retrofitting configurations. Retrofitting refers to the modification or addition of new technology to an existing power plant in order to achieve certain objectives such as improving power plant efficiency, increasing output, or reducing greenhouse gas emissions. Retrofitting options could include employing different cooling types and/or power plant technologies and installation of a CCS unit at the power plant facility to mitigate CO 2 emissions. Two of the hypothetical retrofitting scenarios (D and E) assume the introduction of a CCS unit to the power plant. This scenario-based analysis examines how introducing a CCS technology to the power plant, under different cooling types and power plant technology configurations, could change the stress on the water resources with respect to the reference scenario A.
The Springville power plant in Arizona is a coal-fired plant with a tower-recirculating cooling technique. The estimated amount of energy generated by this power plant is 8,871,873 MWh. According to these configurations, and based on an average water withdrawal of 687 gal/MWh [49] , the amount of water needed for cooling purposes at this power plant is estimated to be 23.07 million cubic meters (Mm 3 ). Using the same WaSSI stress concept introduced earlier (Eq. 1), the basin where the power plant is located has a stress index of 0.68 (reference scenario A). If a CCS technology is introduced at this power plant (scenarios D and E), and depending on a set of pre-set combinations of power plant cooling types and plant technologies, the stress index in the basin increases significantly as indicated in Fig. 10 . By analyzing the two CCS scenarios D and E, the installation of a CCS resulted in about 40 and 50% of added stresses compared to scenarios B and C respectively. These results indicate how adding CCS can place significant impacts on the water system, especially in basins with relatively low water resources. Further stresses on the water system can be expected when future CCS deployments are aligned with growths in populations and related water and energy demands. This illustrative example is implemented by using the EnergyWater nexus interactive web tool [50] . Through this tool (http://nexus.hydroviz.org), additional scenarios of cooling technology and CCS installation can be tested for other states.
Environmental and socio-economic impacts of CCS operations
Despite their main function as a climate mitigation measure, the deployment of CCS technologies poses environmental, economic, and societal concerns. Gibbins et al. [16] pointed out two main barriers to CCS projects: the need for large and long-term funding sources in order to achieve significant reduction in carbon emissions and the need for regulatory frameworks for the transport and geological storage of CO 2 . Therefore, there is a need to comprehensively address the environmental, economic, and societal impacts to assess the viability of successful CCS interventions.
Environmental impacts
The key advantage of introducing CCS technologies into power plants is that it allows for the use of lowcost fossil fuels for electric generation while reducing the contribution to greenhouse emissions and potential global warming. However, CCS faces a number of environmental barriers that must be investigated before it can be deployed on a large scale. CCS environmental risks are grouped into local and global effects. Local effects are those impacts associated with leakage of CO 2 within the CCS system via bore holes overlaying rocks or natural fractures and faults [12] . Such leakage can significantly impact groundwater chemistry and the quality of drinking water. Larger scale hazards include the effects on global climate due to possible low-level CO 2 leaked back into the atmosphere. Fig. 9 The red arrow points to the location of the Springville power plant (blue circle) in Little Colorado watershed, Arizona. The background colors represent surface water (SW) withdrawals by the thermoelectric power sector. The graph is generated using the Energy-Water nexus tool (http://nexus.hydroviz.org) Table 1 Scenarios of power plant configurations and CCS deployment used in assessing the impacts on the water system (see Fig. 10 This could happen because of a structural geologic failure that would lead to an immediate release of a high concentration of CO 2 back into the atmosphere. Hence, a systematic approach for evaluating the complete life cycle for different CCS options is highly recommended. Examples of recent studies that employed Life Cycle Assessment (LCA) as a well-established method to assess environmental consequences of CCS include Rao et al. [51] , Viebahn et al. [52] , and Pehnt et al. [53] .
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Economic impacts
Stakeholders and policymakers are interested in economically competitive options to reduce greenhouse gas emissions. Therefore, besides technical understanding of CCS, exploring the costs incurred in CCS operations is necessary to fully understand the economics of CCS technologies. Several studies evaluated the economic impacts of CCS on the energy systems (see for example Biggs et al. [54] ; David and Herzog [55] ; and McFarland et al. [56] ). For instance, David and Herzog [55] analyzed the costs associated with CO 2 capture technology and concluded that 1.5-2 cents/kWh would be added to the cost of electricity for an integrated coal gasification-combined cycle or natural gas-combined cycle power plants. This cost increases for a pulverized coal plant to over 3 cents/ kWh. These costs will be added to the transportation and storage of CO 2 that are estimated to be at an average cost of 4.89 USD/metric ton CO 2 for US [57, 58] . A promising approach to reduce the CCS associated costs is to consider the development of CCS clusters where CO 2 can be collected from clusters of power stations and other industries with high carbon emissions and then transported to the storage site [10, 59] . This approach can efficiently reduce CO 2 compression and related infrastructure by sharing the same transport pipelines. Future studies should also consider the cost effectiveness of bio-energy in combination with CCS, known by the acronym BECCS or Bio-CCS, as an attractive technology to meet lower carbon concentration targets compared with other conventional mitigation options, [60] [61] [62] [63] . An important CCS economic factor is determining which power plants are suitable for retrofitting versus building new plants with CCS units. Earlier assessment by the Intergovernmental Panel on Climate Change (IPCC) in 2007 concluded that retrofitting existing plants with CO 2 capture will lead to higher costs and significantly reduced overall efficiencies compared to building new power plants [64] . Besides the cost associated with CCS retrofit, additional disadvantages are listed in IPCC [64] including potential site-specific constraints (e.g., lack of availability of land for the capture equipment), as well as a tendency to have low efficiencies and, consequently, a proportionally greater impact on the net output than in high-efficiency plants. Finkenrath et al. [65] defined the potential to retrofit CCS units at power plants based on the following criteria: theoretical, technical, cost-effective, and realistic potentials. Theoretically, it is viable to retrofit CCS to all operating power plants; however, this potential reduces significantly when considering technical, economical, and realistic constraints. Future efforts need to be directed towards the integration of energy and water systems in CCS economic assessment and identifying cost-efficient CCS technologies, in terms of both the energy and the water markets. Economic models can be used to assess the capital and operating costs over the life of an investment necessary to meet CO 2 emission reduction goals. Metrics to evaluate CCS efficiency can include the cost of CO 2 avoided, cost of CO 2 captured, cost of CO 2 abated, and the increased cost of electricity. A comprehensive water-energy economic analysis can therefore help address the following critical issues in CCS operations:
(1)The financial gap between "with CCS" versus "without CCS" (2)Retrofitting of CCS to existing power plants versus building new plants equipped with CCS units based on plant age and/or size (3)The cost of electricity generation with different CCS technologies deployment, e.g., post-combustion versus pre-combustion capture techniques (4)Projection of net impacts on water costs with the implementation of CCS due to potential changes in groundwater and surface water resources (5)Costs associated with desalination of brine to produce freshwater
Societal impacts
Societal acceptance is a crucial aspect of new energy technology applications, and as such should be considered in the case of CCS projects. Public acceptance is likely to be influenced by risk-benefit perceptions and informational provision [66] . Public perception of risks associated with CCS may arise due to concerns about the sequestration technology and potential leakage of CO 2 [67] . It is therefore imperative to develop a direct communication with stakeholders, policymakers, and the general public to increase awareness of CCS operations and to discuss the associated risks and benefits. Communication strategies may include online surveys and face-to-face interviews that address public attitudes towards global climate change, climate change-mitigation technologies with an emphasis on CCS, and impacts of electricity generation on water systems. Table 2 lists examples for the primary factors and the accompanied determinants that can be considered in building a survey to reflect the public acceptance of CCS. The survey and interview responses can be incorporated with demographic variables and statistical models to generate trending data that gauge public perceptions of CCS technologies, environmental concerns, and contributions in mitigation of global climate change.
Conclusions
CCS has been proposed as a viable climate-change mitigation measure to reduce greenhouse gas emissions with the continued use of fossil fuels in electricity generation.
However, CCS-equipped power plants have shown significant increases in water consumption, in the range of 45 to 90%. This paper reviews the available literature on CCS technologies and focuses mainly on the potential impacts on water system sustainability. The literature review presented in this paper highlights water-related challenges with CCS including the following: (1) quantification of water requirements for physical and chemical processes in CCS and the water needed for cooling the power plant due to parasitic load imposed by the carbon capture process, (2) prediction of CO 2 migration in a wide range of geological formations to study the potential leakage of CO 2 and the related impacts on groundwater quality, and (3) opportunities to use the extracted brine to make the existing water systems less vulnerable to CCS installation. Analysis of these water aspects with CCS involves the use of various datasets that are available from published academic literature, state and federal agencies, and non-governmental organizations. Integrating these datasets with available simulation tools can provide a basis for improved CCS analysis and help decisionmakers in testing alternative scenarios. This study presented an illustrative analysis for different regions of the US to show potential impacts of CCS on the water system. The analysis underlines the increase in water consumption with CCS installation compared to generic configuration of power plants with no CCS. The analysis also illustrated the risks associated with CO 2 leakage, especially in areas that primarily depend on groundwater as a freshwater resource for certain demand sectors (e.g., aquaculture uses). Future applications would also include the possibility of using extracted brine as a freshwater source that can alleviate stresses in areas with water supply shortages. However, the economic feasibility of the extracted brines should be first assessed and compared against other resources, such as treatment of wastewater. Furthermore, the added stresses to the existing water systems suggest the potential use of alternative water resources in the cooling of power plants equipped with CCS. Examples for such alternative resources include municipal wastewater and brackish groundwater [36, 68] .
CCS impacts need to be communicated with policy makers, stakeholders, the environmental community, and general public to educate them on the possibilities and limitations of CCS approach compared to other climate mitigation options. Hence, unlike previous studies that assess the sustainability of water systems based only on water availability only, future studies should adopt a combined sustainability score to address the overall performance of the system under environmental, economic, and societal impacts (see for example the framework provided by Kjeldsen and Rosbjerg [69] . The CCS and impacts on freshwater resources highlight the growing interest in studying the water and energy in a holistically nexus approach [70] . Despite the complexity of building energy-water nexus models, using these models in future research will provide a promising way to elucidate CCS among other key drivers governing water demand for electricity, such as population growth, cooling technology, fuel portfolios, and electricity trade. 
